Mon. Not. R. Astron. Soc. 000, ??-?? (2008) Printed 24 November 2008 (MN W^X stylo file v2.2) 



The optical/X-ray connection: ICM iron content and 
galaxy optical luminosity in 20 galaxy clusters 



Accepted 2008 November 21. Received in original form 2008 August 13 



"60" T. F. Lagana^*, R. A. Dupke^, L. Sodre Jr.^, G. B. Lima Neto\ F. Durret^ 

: ^Instituto de Astronomia, Geofisica e C. Atmosf./USP, R. do Matdo 1226, 05508-090. Sdo Paulo/SP, Brazil 
O ' ^ University of Michigan, Ann Arbor, MI 48109-1090, USA 

' ^ Institut d'Astrophysique de Paris, CNRS, UMR 7095, Universite Pierre et Marie Curie, 98bis Bd Arago, 75014 Paris, France 

> ' 

o 

<N 

S: 
6 



> 

m 
m 



00 

o 



X 



ABSTRACT 

X-ray observations of galaxy clusters have shown that the intra-cluster gas has iron 
abundances of about one third of the solar value. These observations also show that 
part (if not all) of the intra-cluster gas metals were produced within the member 
galaxies. We present a systematic analysis of 20 galaxy clusters to explore the con- 
nection between the iron mass and the total luminosity of early-type and late-type 
galaxies, and of the brightest cluster galaxies (BCGs). From our results, the intra- 
cluster medium (ICM) iron mass seems to correlate better with the luminosity of the 
BCGs than with that of the red and blue galaxy populations. As the BCGs cannot 
produce alone the observed amount of iron, we suggest that ram-pressure plus tidal 
stripping act together to enhance, at the same time, the BCG luminosities and the 
iron mass in the ICM. Through the analysis of the iron yield, wc have also estimated 
that SN la are responsible for more than 50% of the total iron in the ICM. This result 
corroborates the fact that ram-pressure contributes to the gas removal from galaxies 
to the inta-cluster medium, being very efBcient for clusters in the temperature range 
2<kT (keV) < 10. 
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1 INTRODUCTION 

The detection of the Fe line from the X-ray spectral anal- 
ysis of the intra-cluster medium (ICM; [Mitchell et al.|[l976l : 
ISerlemitsos et ai1ll977f ) indicates that it does not have a pri- 
mordial chemical composition but was enriched with mate- 
rial processed in stars. The relative importance of the mech- 
anisms that transport metal rich gas to the ICM is not well 
known. The measurement of heavy element abundances in 
the ICM can provide important clues on the chemical evo- 
lution inside galaxy clusters. 

Difficulties in determining the nature of metal enrich- 
ment in clusters are enhanced by the variety of astrophysi- 
cal processes and spatial scales involved: yields from differ- 
ent supernova (SNe) t ypes, the role of galact ic winds (e.g., 



Dupke fc White! l2000l l. ram-p ressure (e.g.. ICunn fc GottI 
1972h and tidal stripping (e.g., iToomre fc Toomrdligrd ) as 



mechanisms of metal transport from galaxies to the ICM, 
star formation efficiency, and the influence of the environ- 
ment, among other issues. 

An important step in clarifying this problem was taken 
bv lArnaud et al.l ij 19921 ). These authors investigated the cor- 



relations between some properties of the ICM, like the gas 
mass, with the optical luminosity in clusters, finding that 
the gas mass correlates well with the luminosity of E-I-SO 
galaxies but not with the luminosity of spirals. For a sam- 
ple of 6 clusters with measured iron abundances and at 
low redshift, they also found a good correlation between 
the iron mass and the luminosity of red galaxies (E-I-SO). 
They then concluded that ellipticals and lenticulars are 
dominant in enriching the ICM, indicating that the proto- 
galactic winds driven by type II SNe at the early stages of 
cluster formation play a major role in the ICM metal en- 
richment. Another relevant enric hment mechanism i s ram- 
pressure stripping (hereafter RPS. ICunn fc Gottll97d ). Cur- 
rent observations indicate that RPS is more common than 
previously believed, acting also in low density environ- 
ments such as poor groups and in the out skirts of clusters 
(Solarics ct al. 2001; Kantharia ot al. 2005: Lew et al.ll2007l : 
iKantharia et al.ll2008[ l. T his is also supported by recent nu- 



merical simulations (e.g., Vollmer et al.l l2005l : iHesterl l2006l : 
iBriiggen ADeLucial g a). Ram-pressu ~tr^g~s 
more enriched by SN la ejecta and can continuously provide 
an inflow of iron to the ICM through the cluster history 
(jRenzini et al.lll993h . 
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Although the ICM metal enrichment problem has 
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been addressed in man y studies (iThielemann et alj 



Mushotzkv et al 



19961 : lMushotzk7 fc LoewensteinI 



199C 



1997 



Dupke fc White! (2000! . a monK others), there are good rea- 



sons to revisit it. Firstly. I Arnaud et aLl (|1992l ) used a limited 
sample (the only 6 available clusters with masses and lumi- 
nosities in the literature) . Secondly, we are now in the era of 
precision abundances determination given the superior abil- 
ity for spatially resolved spectroscopy of the instruments on 
board of XMM-Newton, Chandra and Suzaku. Finally, there 
are currently a number of studies, providing ICM physical 
parameters from large cluster samples homogeneously deter- 
mined (e.g.. lZhang et al.ll2007l : iMauehan et al.ll2008l ). 

To readdress this question, we investigate in this work 
the relation between the metallicity (iron abundance) of the 
intra-cluster gas and some optical properties of galaxy clus- 
ters, in search for clues on how metals got into the ICM. 

The outline of the paper is as follows: in Sect. [2] we de- 
scribe the sources of the data analyzed. In Sect. |3] we present 
the photometric analysis, describing the separation between 
the red and blue populations and the determination of their 
total luminosity. Influence of the Butcher-Oemler effect is 
also discussed in this section. In Sect.|4]we discuss the dom- 
inant population in the iron enrichment by means of the 
correlation between the iron mass and the total luminosity 
of the different populations, the mechanism responsible for 
the metal transport from galaxies to the ICM and the role 
of SN II and SN la. Finally, we present our conclusions in 
Sect, m 



2 THE DATA 

We describe in this section the X-ray and optical data used 
in our analysis. 



2.1 X-ray Data 

iMaughan et al.l ()2008l ) carried out an X-ray analysis of a 
homogeneous sample of 115 galaxy clusters in the redshift 
range 0.1 < z < 1.3. The sample was assembled from pub- 
licly available Chandra data and selected in order to en- 
sure cluster emission detection up to rsoo (the radius within 
which the cluster mean density exceeds the critical value by 
a factor of 500), allowing cluster properties to be directly 
measured up to this radius. We have sele cted a subsam- 
ple o f galaxy clusters that were analyzed bv lMaughan et al] 
ll2008i) and obser ved by the Sloan Digital Sky Survey (SDSS, 
lYork et al.ll2000l ). Out of 115 clusters 20 were selected (Ta- 
blelTJ, and will be the object of the analysis presented in this 
paper. All the X-ray data used here (metallicity, gas mass 
and temperature) are taken from lMaughan et al.l l|2008l ) and 
are also presented in Table [T] 

In order to check if the 20 clusters analyzed in this work 
are a fair sample of the original one, we present in Fig. [T] 
th e metallicity (iron abu ndance) for all the clusters studied 
bv lMaughan et ahl (|2008l ) . The mean metallicity value {Z = 
(O.34±O.15)Z0 ) obtained for our selected sub-sample agrees 
well with the mean value {Z = (0.39 ± 0.14)^©) obtained 
for the original 115 clusters. 
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Figure 1. Distribution of iron abundance determined within rsoo 
for our selected sub-sample (in dark bl ue) and for the whole sam- 
ple analyzed bv lMaughan et al.l feOOSl) (filled with dashed lines). 
Our mean value is Z = (0.34 ± 0.15)Zq, while the average mean 
for the whole sample is Z = (0.39 ± 0.14)Zq 



2.2 SDSS data 

The photometric data use d in our a nalysis comes from SDSS 
Data Release 5 (DR5, lAdelman -McCarthv ct al. 2007]), 
which contains spectroscopic and photometric data for a 
large number of galaxies observed within almost a quarter 
of the sky. 

In order to investigate the correlation between X-ray 
properties and galaxy populations, we have selected from 
the SDSS data galaxies brighter than r = 22 (extracted from 
GALAXY tables, which has primary objects subset with 
type "galaxy") and within the rsoo radius of each cluster 
centre (adopted as the X-ray centre from 'Ma ughan et al.l 
|2008| ). This magnitude limit ensures a significant number 
of objects for the galaxy population analysis. In this study 
we will adopt the {g — r) colour, from the DERED tables 
which are tables of magnitudes already corrected for galactic 
extinction. 

We have also downloaded the same type of data in an 
annular control field around each cluster (see Section [Sjl, for 
the statistical subtraction of foreground/background galax- 



3 PHOTOMETRIC ANALYSIS 

Since the number of galaxies with measured redshifts in the 
field of each cluster is small, we have adopted a statistical 
approach, based on the analysis of the colour-magnitude di- 
agram (CMD) of each cluster, to estimate some properties 
of the cluster galaxies. 

We present in Fig. [2] the (g — r) versus r CMD of 
A2034 for all galaxies within rsoo. Early- type galaxies in 
clusters present a tight correlation between their optical 
colours and luminosity, known as colour-magnitude relation 
or red-sequence (RS), which is very useful for their identifica- 
tion. In general, galaxies significantly above the red sequence 
are in the cluster background (since they are redder than the 
reddest cluster galaxies). We call blue galaxies those below 
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Table 1 . Clusters from iMaughan et al data sample which were observed by SDSS and have X-ray flux high enough for the 

analysis presented here. Column (1): cluster name; Col. (2): right ascension; Col. (3): declination; Col. (4): redshift; Col. (5): rsoo radius; 
Col. (6): mean temperature derived from the X-ray emission within rsoo; Col. (7): mean metallicity inside within rsoo; Col. (8): gas mass 
within rsoo • 



Cluster R.A DEC z rsoo < kT > < Z > Mgas 

(J2000) (J2000) (/ifgi) Mpc (keV) IQI^Mq 
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the red sequence (see Fig. [2]), which comprise clusters and 
non-clusters members. 

We have used the control fields to obtain the field con- 
tamination and the correction required to estimate the num- 
bers and luminosities of cluster galaxies. The procedure we 
adopt is the following: the first step is t o determine, f or eac h 
field, the position of the r ed sequence. Bower et ah! (|l992h . 
iGladders et~aLl (119981 ) and lRomeo et al l (120081 ) . among oth- 
ers, have shown that the slope of the red sequence in CMDs 
is almost constant up to redshift z = 0.5. For this reason, 
given that all clusters in our sample have redshifts well be- 
low this value, we assume that this slope is the same for all 
clusters in Table [1] Thus, we have used the CMDs of the 
5 clusters of our sample (MS0906. 5+1110, A2034, A2069, 
A2259 and RXJ1720. 1+2638) with the most prominent red 
sequence to estimate this slope through a linear fit, obtain- 
ing ~ -0.055 (see Fig.^. 

For all clusters, we fitted the red sequence as a function 
of r-band magnitude according to 
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Figure 2. Color-magnitude diagram for galaxies inside rsoo foi' 
A2034, divided in the three groups discussed in the text: red, blue 
and background galaxies. 



(ff-r) = -0.055 r + ^, (1) 

to obtain the zero-point coefficient (A). Then, in each clus- 
ter, we divided the galaxies in three groups: 

• red galaxies: those galaxies within 0.3 mag 
(|De Lucia fc Poggiantil |2008| ) from the best fit color- 
magnitude relation. That is {g — r) ± 0.3 mag zone. 

• blue galaxies: galaxies bluer than the {g — r) — 0.3 mag. 
This group contains mainly star-forming galaxies, both in 
the cluster and in the field. 

• background galaxies: galaxies redward of the upper limit 



of the red sequence. We assume that these galaxies are not 
cluster members. 

We estimate the cluster contamination by back- 
ground/foreground galaxies using a control field around the 
cluster defined as an annular region between 7 x rsoo and 
8 X rsoo from the cluster centre. This region is far enough 
from the centre to allow the estimation of background den- 
sities, as shown in Fig.|31 We used the CMDs of the galaxies 
in the control fields to estimate the background contamina- 
tion (in the number of galaxies and luminosity) for red and 
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4000 




Figure 3. Galaxy counts distribution as a function of the mean 
radius of each annulus, given as a function of rsoo, for A1689. 
The background is estimated from the annuh with R^7 X rsoo • 



blue galaxies in the cluster. The CMDs for the clusters in 
our sample are shown in Fig. U 

For each bin of magnitude, the number count of galaxies 
is given by: 



Nci{m) = iVci+bkg(m) - 7iVbkg(m), 



(2) 



where Nci{m) is the expected number of cluster galaxies at a 
certain magnitude interval, Nci+hk^im) is the total number 
of galaxies along the line of sight in the same magnitude in- 
terval, NhiLgim) is the number of background and foreground 
galaxies in the same magnitude interval, 7 is the ratio be- 
tween cluster and control field areas, and m is the mean mag- 
nitude of the interval. After subtracting the background and 
foreground contamination, cluster counts per magnitude bin 
in the r band were determined and converted to luminosity. 



3.1 Luminosity of the brightest galaxies 

The division of our sample in groups described above enable 
us to calculate separately the total luminosity of the red and 
the blue population. We obtained the r-band luminosity of 
the brightest cluster galaxies (BCGs), Lbcg, directly from 
the SDSS. 

We used the distance modulus given by: 



Mr = - 25 - 51og(dL/lMpc) - k(z) 



(3) 



where cLl is the luminosity distance (computed assuming 
Q.m = 0.3, fix = 0.7, and h = 0.7) a nd k{z) is the k- 
correction computed bv lPoggiantil l|l997h . Converting mag- 
nitudes to luminosities we integrated the luminosity function 
in order to obtain the total luminosity for each population. 
These luminosities are given in Table |21 



3.2 Butcher-Oemler effect 

In a hierarchical scenario clusters grow through the accre- 
tion of galaxies and groups, most of them containing blue 
galaxies. Indeed, many blue galaxies in clusters may be con- 
sidered newcomers fe.g.. iSodre et al.lil989i ') and, through ef- 
fects suffered in the hostile environment of galaxy clusters, 
most of their ISM gas ends up being transferred to the ICM, 
contributing to its chemical enrichment. We call attention to 
the fact that the time-scale of colour (spectral) evolution is 
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Figure 5. Spiral fraction as a function of redshift. The dashed 
line is our best-fit for this sample. The filled circles are the sample 
analyzed i n this work, wh ile the green points were taken from 
iRakos fc SchornbertI lll995l) and the upside dow n blue triangle 
are taken from lMareoniner &: de Carva Ihcl 1I2OOOI) for this redshift 
interval. 



short er than that of the morphological evolution (|Goto et al.l 
|2004 ). meaning that some passive spiral galaxies through 
their evolution may be observed as red objects. 

An observational evidence of th e hierarchical sce- 
nario is the Butcher-Oemler (BO) effect l|Butcher fc Oemlerl 
1 1984 ). We have noticed that this effect can be detected 
with our data (an d has been previously detected by 
iRakos fc Schombert 1995; Margoniner fc de Carvalho 200_3) 
and Figure [S] shows that this trend can be detected even in 
low redshift clusters. We define the fraction of blue galaxies 
as the ratio between the number of blue (see Sect.[3ll to total 
number of galaxies in a cluster after background correction, 
indicating an extremely rapid change in the fraction of blue 
galaxies from ~ 10% to more than 30% at only z ~ 0.25. In 
contrast, evolutionary models for passive evolution of simple 
stellar populations pred ict that colour changes we re not as 
dramatic as found here l|Rakos fc Schombertlll995l ). 



4 THE IRON CONTENT/OPTICAL LIGHT 
CONNECTION IN 20 GALAXY CLUSTERS 

In this section we investigate the links between the iron con- 
tent and the luminosities of the red and blue populations of 
each cluster. 



4.1 The iron mass and its relation to the 

luminosity of the galaxy populations within 

rsoo 

In clusters, there is a number of emission lines over the con- 
tirmum bremsstrahlung spectrum, the most prominent being 
those in the iron complex at ~ 7 keV. X-ray observations, 
have revealed the presence of heavy elements in the ICM, 
providing direct evidence t hat this gas was enriched by met- 



als processed by stars (e.g., Mitchell et al.|[l97^ : iDavid et al.l 



I1991I : iMushotzkv" et al.l Il996l ) . Studies of large samples of 
clusters have shown that the Fe abundance is distributed 
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Figure 4. Colour-magnitude diagrams within rsoo for the 20 clusters in our sample. 

Table 2. Properties derived from optical data. Column (1): cluster name; Col. (2): total luminosity of the red population within rsoo; 
Col. (3): total luminosity of the blue population within rsoo; Col. (4): luminosity of BCGs; Col. (5): iron mass derived from Eq.|4] within 
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Cluster 


Lqre 


d 


L 


blue 


Lbcg 


Mf 


e 




(10 




(10 


12 T \ 


(lOiiLo) 


(W 




A267 


2.19 


± 


0.03 


1.82 


± 


0.01 


1.84 


0.52 




0.18 


MS0906. 54-1110 


2.69 


± 


0.05 


1.00 


± 


0.01 


0.92 


0.30 


± 


0.06 


A773 


3.82 


± 


0.07 


2.08 


± 


0.01 


0.68 


0.80 


± 


0.10 


MS1006. 04-1202 


1.85 


± 


0.05 


1.45 


± 


0.01 


1.22 


0.16 


± 


0.09 


A1204 


0.66 


± 


0.02 


0.74 


± 


0.02 


0.54 


0.21 


± 


0.03 


A1240 


0.79 


± 


0.02 


0.73 


± 


0.07 


0.13 


0.10 


± 


0.05 


A1413 


0.79 


± 


0.04 


0.83 


± 


0.01 


1.71 


0.60 


± 


0.04 


A1682 


2.9 


± 


0.08 


2.34 


± 


0.02 


0.94 


0.54 


± 


0.32 


A1689 


2.31 


± 


0.04 


1.21 


± 


0.07 


0.76 


0.87 


± 


0.01 


A1763 


3.21 


± 


0.02 


2.18 


± 


0.03 


0.83 


0.61 


± 


0.02 


A1914 


1.77 


± 


0.03 


0.92 


± 


0.04 


0.46 


0.67 


± 


0.09 


A1942 


2.22 


± 


0.08 


1.44 


± 


0.01 


0.89 


0.18 


lb 


0.05 


RXJ1504-0248 


1.66 


± 


0.04 


1.35 


± 


0.08 


1.66 


0.70 


± 


0.05 


A2034 


0.53 


± 


0.02 


0.35 


± 


0.06 


0.87 


0.48 


± 


0.05 


A2069 


0.89 


± 


0.04 


0.34 


± 


0.04 


0.41 


0.35 


± 


0.06 


A2111 


4.16 


± 


0.02 


2.06 


± 


0.02 


0.54 


0.31 


± 


0.20 


RXJ1701-I-6414 


2.02 


± 


0.05 


1.59 


± 


0.01 


0.06 


0.46 


± 


0.16 


A2259 


0.92 


± 


0.05 


1.02 


± 


0.07 


1.22 


0.27 


± 


0.09 


RXJ1720.1-I-2638 


1.13 


± 


0.03 


0.94 


± 


0.07 


1.23 


0.66 


± 


0.38 


RXJ2129.6-I-0005 


2.15 


± 


0.01 


2.08 


± 


0.02 


1.15 


0.73 


± 
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around a value of 0.3 s olar (iMushotzkv fc LoewensteirJI 19971 : 
lAllen fc Fabianlll998l : iTozzi et al.ll2003l : lEttorill2005f ). which 
is consistent with the mean value of our sample, Z — 
0.34 ±0.15. 

The metallicity derived from X-ray spectra is emission- 
weighted, so that the values from the central regions tend to 
overpower global spectral fittings. Therefore, a single global 
abundance value may lead to erroneous results when asso- 
ciating metals to galaxy luminosities in the whole cluster. 
Chandra's excellent spatial resolution is a greatly advan- 
tageous over previous satellites for this analysis for inter- 
mediate redshift clusters because it can separate the inner 
and outer regions extremely well (not including projection 
effects), so that accurate average abundances out of the cool- 
ing core region can be measur e d, ma king our analysis more 
realistic. While lArnaud et all (| 19921 ) used one single value 
for abundances, we are using two different values (one for 
the internal regions, within 0.15 r^oo, and one for the annu- 
lus 0.15 rsoo < r < rsoo), and the results are very similar 
(section 4.2). Naturally, one single value for the outer abun- 
dances is still susceptible to the above mentioned biases, 
but there were simply not enough photons to subdivide the 
outer regions in several annuli and still have abundances 
with satisfactory significance. 

In the present work, the iron mass of each cluster en- 
closed within rsoo was estimated as the product of the iron 
abundance by the gas mass and by the solar photosp heric 
abundance by mass (0.00197; lAnders fc Grevesselll989l ): 



Mpe = Mgas(< rsoo) X Z X 0.00197, 



(4) 



where Mgas is the gas mass and Z is the metallicity, both 
computed within rsoo. 

Eq.Q gives the relation between the iron mass in the 
ICM and the gas mass for our sample. The iron mass is 
consistent with a linear scaling with the gas mass, which is 
expected if Zfe ~ constant. 

To explore what is the dominant population responsi- 
ble for the metal enrichment in galaxy clusters we show, in 
Fig. |S] the dependence of the iron mass with the luminos- 
ity of red, blue and BCG galaxies. Given the large scatter 
observed, we adopt the robust Spearman correlation coef- 
ficient p and the null probability (NP; i.e, the probability 
of failing to reject the null hypo thesis) to evaluat e the sig- 
nificance of the correlations (see lPress et al.lll992l ). We ob- 
tain p values equal to 0.021 (NP=92%), 0.15 (NP=52%) 
and 0.41 (NP=8%) for the red, blue and BCG galaxies, 
respectively. The statistical significance of the correlations 
between luminosities of difi'erent populations and ICM iron 
mass is very low, as seen in Fig. |6l Figures [6] show that all 
the correlations are very poor and it is not obvious that a 
given galaxy population is more significantly correlated with 
the iron mass than the others. To address this question, we 
adopted a bootstrap resampling technique to estimate for 
what fraction of a sample a correlation is better than an- 
other in the sense that it has a larger Spearman rank-order 
coefficient p (Press et al. 1992). We found that the correla- 
tion between the iron mass and BCG luminosities is better 
than that with the luminosities of the red galaxies at the 
90% confidence level and of the blue population at the 85% 
confidence level. We also found that the significance of the 
correlations between the blue and red populations with iron 
mass are barely distinguishable and, in consequence, we can- 



not draw any firm conclusion about the relative importance 
of these two populations in the ICM iron enrichment. 

Our results do not confirm the classic idea where 
early-t ype galaxies play th e major role in t he IC M enrich- 
ment (|Arnaud et all 1 19921 '). lAriiaud etal] (|l992l ') included 
the BCGs in their 'E-I-SO' sample and, from our work, we 
find that when they are excluded from the red population, 
the correlation between the red galaxies and the iron mass 
becomes significantly worse (indistinguishable from the blue 
galaxies). The most prominent correlation is that between 
the iron mass and the BCGs luminosities. Note that their 
best fit for the iron mass as a function of the 'E-I-SO' lu- 
minosities has a slope of a = 1.0 ± 0.25, which is, given 
the uncertainties, consistent with the poor correlation ob- 
tained here between the BCGs and the iron mass. Including 
the BCGs in the sample of red galaxies changes the correla- 
tion coefficient between the total galaxy luminosity and the 
iron mass from p=0.021 to p=0.31, closer to that found for 
BCGs alone, as expected for the case of contamination by 
the BCGs. 

Since the iron mass scales with the gas mass and with 
the Fe abundance, we plot separately the relations between 
the metallicities (see upper panels of Fig. [Tj and gas masses 
(see botton panels of Fig. [T]) versus the optical galaxy lu- 
minosities. From these figures, we still have low statistical 
corelations but the ones between the BCGs luminosities and 
either the gas mass or the metallicity are somewhat more 
visible than the others. We obtained correlation coefficients 
equal to p=0.075, p=0.17 and p=0.26 for the metallicity 
and the luminosities of the red, blue and BCGs galaxies, 
respectively. For the correlations between the gas mass and 
the luminosities, we obtained p=0.31, p=0.21 and p=0.33 
for the red, blue and BCG population, respectively. The 
slightly better correlation of gas mass with Lred (as opposed 
to Lbiue) is consistent with the en hancement of t he fraction 
of elliptical galaxies with richness (|Dresslerlll980h . given the 
somewhat high temperature range of our sample (T > 3.4 
keV). 



4.2 The iron mass and its relation with the 

luminosity of the galaxy populations within 
an external annulus 



iDe Grandi et all l|2004l ) found that the iron mass associated 
to abundance excess which is normally found at the center 
of cool-core clusters can be entirely produced by the BCGs. 
In order to take into account possible biases due to contami- 
nation by cool core processes, we present here the same cor- 
relations computed within an external annulus, (0.15-l)r5oo, 
to exclude the inner parts. 

The iron mass of each cluster enclosed within (0.15 < 
r < l)i?soo, was estimated from Eq. @ and the gas mass 
was computed as, 



A^gas = / /5g47rr'^dr' = A-kuirZ I ne{r')r'^dr' , (5) 

Jo.lSrjoo Jo.lSrsoo 

where Z = 1.25 is the mean atomic weight for a H -f He 
plasma, mn is the hydrogen mass and ne(r') is the elec- 
tron density which was fitted with a modified version of 
the standard /3-model (as proposed bv lVikhlinin et aL I l2006l . 
with 7 = 3 fixed for all fits). The best fit parameters were 
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Figure 6. Left panel: iron content as a function of total luminosity for red galaxies. Middle panel: iron content as a function of total 
luminosity for blue galaxies. Right panel: iron content as a function of BCG luminosities. The regression line has a slope of a = 0.75. 
The 1(T error on a is ± 0.33 



taken from Maughan (private communication). In Table [3] 
we present the values for the iron mass for our sample. 

We show in Fig. [8] the plots between the iron mass 
and the luminosity of red, blue and BCG galaxies within 
(0.15-1) rsoo. We obtained p values equal to 0.15 (NP=48%), 
0.16 (NP=49%) and 0.41 (NP=17%) for the correlation be- 
tween the iron mass and red, blue and BCG galaxies, re- 
spectively. Hence, we verified that even excluding the central 
region, where we could find an iron excess due to the BCCs 
l|De Grandi et al.l|2004| ), the iron mass present in the ICM 
seems to still correlate better with the BCG population. In 
the next section we discuss a possible scenario to explain 
this dependence. 



4.3 The source of ICM metals 

The plots obtained in Figs. [6] and |8] suggest that the BCGs 
could play a significant role in the ICM iron enrichment. The 
most parsimonious scenario is that a mechanism simultane- 
ously contributes to enhance the metal mass and the lumi- 
nosity of the BCG. Such a mechanism can be, for example, 
RPS with tidal disruption of the galaxy near the center o f 
the cluster (e.g.. lCvpriano et aLlliooil : iMurante et al.ll2007^ . 

RPS can be a significant contributor to metal injec- 
tion in the ICM. From the theoretical side, the ISM of 
galaxies will be stripped if the ICM density is as low as 
5 xlO""* atoms cm"^ (Gunn & Gott 1972). This rough es- 
timate (other factors, such as the direction along which the 
galaxy is traveling through the ICM, may affect this num- 
ber) suggests that RPS could be effective at large spa tial 



scales in most galaxy clusters (|Tonnesen fc Brvanll200g ). 

Support for RPS effectiven e ss co m es from recent ob- 
servat ions as well. Havnes et al.l (|l984l ) , iBravo-Alfaro et al.l 
l|2000D and lSun et al.l (|2007l ) noticed that the HI emission is 
sharply truncated i n spirals of cluster of galax ies, indicat- 
ing sig nificant RPS. lBruggen fc De Lucial (|2008l ) found that 



about one quarter of galaxies in massive clusters are subject 
to strong RPS that are likely to cause an expedient loss of 
all gas. Moreover, there are recent observations indicating 
that RPS is effective in removing the galaxy gas even in 
low density envir onments, su ch as groups and in the out- 
skirts of clusters (ISolanes et al. 2001; Kan tharia et al.ll2005l : 
iLevv et al. I l2007l : iKantharia et al.ll2008h . where this mecha- 
nism should not, in principle, play a signi ficant role. Using 
hydro dynamical simulations to study RPS. lMcCarthv et al-l 
(2008) found that ~ 70% of the galactic halo is stripped, for 
typical structural and orbital parameters. 

If RPS is important and has a dependence on cluster 
mass we should see a trend between gas temperature and 
metallicity, since the higher the mass (or the temperature) 
the more metals are stripped from galaxies and injected into 
the ICM. However, we do not see this trend (Fig. |9]) within 
the temperature range of our sample (2 < kT (keV) < 10). 
Therefore, either RPS is negligible, which contradicts the 
theoretical expectations and the observations described in 
the previous paragraphs, or RPS is equally significant for all 
clusters, once the threshold ICM density is reached. Since 
RPS is not biased by galaxy morphology this would be con- 
sistent with the lack of a correlation between iron mass and 
galaxy morphology. 

Chemical evolution models have been invoked to ana- 
lyze the iron metallicity, suggesting that the number of SN 
la that ever occurred relative to SN II is A^ia/Mi = 0.12, 
with more than 50% of the ^^Fe mass coming from SN la 
(|Yoshu et al.lll996l: iNomoto et al.|[l997l ). The iron yield (p) 
IS given bv l|Arnaud et al.lll992l )~ 



[A'/fc]icm + [A'/Pc]* M^, 



(6) 



where the two terms in the left side are the total iron mass 
in the ICM, [AfpeJiCM, and in stars, [Afpo]*, and Af* is the 
total stellar mass. Since the ratio ([Afpc]icM + [A/pc]*)/Af* 
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Figure 7. Upper panels: Fe abundance within r^oo as a function of the total luminosity of the red galaxies (left panel), total luminosity 
of the blue galaxies (middle panel) and as a function of the BCG luminosities (right panel). Botton panels: gas mass as a functions of 
the total luminosity of the red galaxies (left panel), total luminosity of the blue galaxies (miidle panel) and as a function of the BCG 
luminosities. We do not found any significant trend in these panels 



cannot exceed the iron yield, if we assume that all the iron 
ever produced goes to the ICM, we have. 



and Ad/L — 1.64 Mq/Lq for a blue population. This proce- 
dure was explained in details in lLagana et al.l (|2008l ). 



[Mf 



^ P, 



(7) 



that is, Mpe/Mi, gives an upper limit for the iron yield, since 
some recycling must have occurred. 

The total mass in stars can be computed by multiply- 
ing the total luminosity (Lred + Lbiuo) by an apropriate 
mass-to-light ratio. The late-type and early-type mass-to - 
light ratios were estimated from iKaufFmann et al] (|2003|) 
and c onverted to the r band according to Fukugita et al.l 
and are M/L = 3.27Mq / Lq for a red population 



For our sample the mean iron -to-stellar mass rat io is 
[MFe]icM/M* = (6.0 ± 0.5) X IQ- MOavid et all (|l990l ) cal- 
culated the amount of iron that type II driven winds can 
inject in the ICM. These authors obtained [MpeJicM/Af* 
ranges from 0.65 x 10"^ to 2.5 x 10"'^, depending on the 
IMF assumption. Ours result show much higher values sug- 
gesting that more than 50% of the iron present in the ICM 
is probably produced in SN la. Most of the iron produced by 
SN la is preferentially injected into the ICM by RPS. Since 
RPS is equally efficient within the temperature range of our 
sample, the suggestion that more than half of the iron mass 
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Figure 8. Correlations between the total luminosities and the iron mass within (0.15-l)r5oo. Left panel: iron content as a function of 
the total luminosity of the red galaxies. Middle panel: iron content as a function of the total luminosity of the blue galaxies. Right panel: 
iron content as a function of the BCG luminosities. 



Table 3. Properties derived from optical data. Column (1): cluster name; Col. (2): total luminosity of the red population inside (0.15 — 
1) ^50o; Col. (3): total luminosity of the blue population inside (0.15 — l)r5oo; Col. (4): luminosity of BCGs; Col. (5): iron mass derived 
from Eq.|4]within (0.15 — l)r5oo. 
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is produced in type la SN corroborate the result of a lack of 
trend between the metallicity and the ICM temperature. 

This last result is consistent with models with mod- 
els in which metals mi ght have been accumulated in 
the ICM in two phases ll White! Il99ll: lElbaz et al.l 1 19951 : 
iMatteucci fc Gibson|[l995l : iDupke fc Whitell2000l ): an initial 



phase of SN II activity, responsible for part of the iron found 
in the ICM, followed by a secondary phase, associated to the 
BCG formation, contributing with more than 50% of the 
ICM iron, where most of the metals were produced by SN 
la and injected in the ICM by RPS. 
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Figure 9. Metallicity as a function of temperature for the clusters 
analyzed in this work. The dashed line represents is the mean 
value of the iron abundance in this sample. 



5 CONCLUSIONS 

We have carried out a detailed analysis of the iron mass in 
the ICM and its correlation with o ptical properties for 20 
galaxy clusters previously studied bv lMauehan et all (|2008l ) 
and available in the SDSS. Our main results are: 

• We could not confirm a previous correlation between 
the ICM iron mass and the total luminosity of the red pop- 
ulation, found by lArnaud et al] (Il992l ). Since our results 
indicate that the BCGs seem to play a major role in the 
ICM iron enr i chmen t, we suggest that the trend found by 
lArnaud et al] (| 19921 ') is biased by the BCGs as these authors 
did not exclude them from the 'E+SO' population. As the 
BCGs alone cannot produce the observed metallicity within 
rsoo, we explain the correlation between the iron mass and 
the BCG luminosities through a scenario in which a mech- 
anism simultaneously enhances the luminosity of the BCG 
and the iron mass in the ICM. We suggest RPS with tidal 
disruption near the cluster center as a possible mechanism, 
the importance of which is supporte d by recent hydrody - 
namical simulations (mechanism III oflMura nte et al ] |2007h . 

• The lack of trend between the iron metallicity and the 
cluster temperature indicates that RPS is equally efficient 
in all clusters within the range 2 < kT(keV) < 10. This 
is in agreement with cur rent observational and theoretical 
ijTonnesen fc Brvanllioosl ') studies, which suggest that RPS 
is more common in low density environments than previ- 
ously thought. Thus, RPS is a significant mechanism for 
transferring iron from galaxies to the intra-cluster gas. 

• The comparison of our results with predictions of chem- 
ical evolution models suggests that more than 50% of the 
iron has come from type la SNe. Since most of the iron 
produced by SN la is preferentially injected into the ICM 
by RPS, the iron yield corroborates the efficiency of RPS 
within the temperature range of this sample analysed here. 
There have been observational evidence, supported by hy- 
drodynamical simulations, that the RPS mechanism is con- 
tributing to the gas removal from ga laxies that merged to 
form the BCGs l|Murante et aLll2007h . 



• We suggest that the complex history of galaxy popula- 
tions in clusters, from galaxy infall followed by the action of 
severe environmental effects, leads to galaxy morphological 
(and colour) evolution and, at the same time, to a progres- 
sive enrichment of the ICM, diluting the role of any single 
population. Clearly, larger samples are needed to verify if 
these correlations are actually real. 
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